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Soluble adenylyl cyclase (sAC) plays a critical role in male fertility in mammals by regulating sperm hyperactivation. We aimed 
to study the mechanism of sAC in this phenomenon and to explore potential target sites for male contraception. In this study, in 
vivo electroporation and rete testis microinjection-mediated short hairpin (sh)RNA plasmids were adopted to silence sAC gene 
expression in male rats. The results showed that high transfection efficiency (shRNA717, 49.0% and shRNA4205, 65.0%) was 
achieved by shRNA plasmids injected directly into the rete testis. When the sAC was downregulated, the cyclic adenosine mono-
phosphate (cAMP) content and protein phosphorylation level of spermatozoa both declined with a significantly lower hyperacti-
vation rate compared with negative controls. The highest transfection efficiency occurred at 15 d and was obviously time depend-
ent. Bioinformatic and experimental results showed that sAC and tmAC both belong to the AC family and might have analogous 
functions. ShRNA717 and shRNA4205 were the best targets for the sAC gene, suggesting that they could be candidates for male 
contraception. Thus, it appears feasible to achieve male contraception by silencing the expression of sAC, affecting sperm hyper-
activation via a cAMP-mediated signaling pathway. 
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Developing a safe and effective male contraceptive for hu-
man use is an urgent problem. Each day, a typical fertile 
man produces large numbers of spermatozoa through the 
complicated processes of spermatogenesis and spermiogen-
esis. This physiological complexity might be the greatest 
limitation for the practical application of contraceptive 
measures or drugs available for men [1]. In the past few 
decades, great advances have been made in hormonal and 
non-hormonal male contraceptive studies [2]. However, there 
are many adverse side effects and undesired pathological 
circumstances, which might not be recognized until decades 
following initial use: for example, with the long-term use of 
systemic hormone-based contraceptives [3]. Non-hormonal 
male contraceptive approaches might be more appropriate 
for human use as they should have no effect on the func-
tions of androgen-dependent organs, and because they work 
by molecular regulation [4]. To develop non-hormonal male 
contraceptives, developing small molecules that could target 
spermatogenesis-specific proteins that are essential for both 
sperm production and fertility in mammals appears attrac-
tive [5]. A selective small-molecule inhibitor (JQ1) of the 
testis-specific and bromodomain-containing protein BRDT 
is a good contraceptive agent targeting the male germ cells 
for contraception [6]. A short hairpin (sh)RNA aimed at 
silencing the expression of CatSper2, the key protein in-
volved in rat sperm hyperactivation, is also considered to be 
a target for male contraception [7]. Soluble adenyl cyclase 
(sAC) falls into an expanding group of sperm proteins that 
appear to be promising targets for the development of male 
contraceptives. Therefore, in this study we focused on this 
as a potential non-hormonal method for the molecular regu-
lation of spermatogenesis and sperm function. 
Soluble AC locates to the nucleus, mitochondria and mi-
crotubules [8]. It is expressed in mammalian spermatozoa [9] 
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where it is highly enriched [10], suggesting that it has a 
critical role in spermatogenesis. Unlike transmembrane ad-
enylate cyclase (tmAC), sAC has no identifiable transmem-
brane domain and is not regulated by forskolin or guanine 
[11]. It is indispensable for sperm function and fertilization 
[12,13]. Its product, cyclic adenosine monophosphate (cAMP), 
is necessary to activate spermatozoa and is a prerequisite for 
sperm hyperactivation by mediating flagellar beat frequency 
[14]. sAC is stimulated by Ca2+ and HCO3
 in motile mouse 
spermatozoa [14] and Ca2+ acts upstream of HCO3
 [15]. In 
vivo, Mg2+-dependent sAC activity can be modulated by 
Ca2+ and by HCO3
, which releases adenosine triphosphate 
(ATP), inhibits the influence of Mg2+ and increases the 
maximum enzyme reaction rate (Vmax) of mammalian sAC 
[16]. The sperm-specific Na+/H+ exchanger (sNHE) is im-
portant for modulating cellular sAC activity on multiple 
levels, including the stable expression of sAC, the regula-
tion of bicarbonate transport possibly through an associated 
transporter and by modulating local pH for optimal enzyme 
activity [17]. The cAMP-signaling pathway is required for 
sperm motility activation by triggering hyperactivation [18]. 
The cAMP produced by sAC activates protein kinase A to 
phosphorylate serine or threonine resides on proteins, lead-
ing to phosphorylation of tyrosine residues on other proteins 
to affect mammalian sperm hyperactivation [19,20]. How-
ever, another study indicated that while the sAC/cAMP- 
signaling pathway is required for motility activation, it is 
not involved directly in triggering hyperactivation [21]. 
Mammalian sAC is distributed to discrete locations through-
out the cell [18]. It resides inside cells that can produce 
cAMP locally and activate nearby cAMP effectors [18]. In 
mature spermatozoa, sAC is the unique producer of cAMP 
in response to elevations of HCO3
 [22,23], which varies 
markedly in the environments spermatozoa encounter be-
fore fertilization [24]. The importance of sAC in reproduc-
tion prompted us to determine its function and to explore its 
potential as a target for male contraception. 
The purpose of this study was to verify the function of 
sAC in the cAMP-signaling pathway in male rats and to 
explore targets for male contraception. Two target short 
hairpin (sh)RNA sequences (shRNA717 and shRNA4205) 
according to the sAC gene’s open reading frame (ORF) 
were applied, and both target sequences were inserted into 
the U6 promoter expression vector expressing green fluo-
rescent protein (GFP) to produce pGPU6/GFP/Neo. Elec-
troporation-mediated transfection was performed in the tes-
tis following rete testis microinjection in vivo to explore the 
function of sAC in male rats. 
1  Materials and methods 
1.1  Database search and phylogenetic trees construction 
The hyperactivation-related protein family, rat sAC, was 
extracted from the ENSEMBL (www.ensemble.com) and 
GenBank databases (www.ncbi.nlm.nih.gov). The seed se-
quence from rat was NP_067716.1 (sAC). We used this pro-
tein to search other related proteins with BLAST (www. 
ncbi.nlm.nih.gov/BLAST) using default options, especially 
in mammals. All protein sequences (Table S1) were ana-
lyzed in a BLASTP to confirm their similarity to the known 
hyperactivation-related proteins, and the same sequences 
having different remarks, were removed.  
Protein sequence alignments were created using Clus-
talW and default options. The phylogenetic trees of ACs 
and sAC were made in the MEGA5 program [25] using the 
neighbor-joining (NJ) method and bootstrap values. We 
analyzed the phylogenetic tree topologies of each protein to 
investigate the difference among them for understanding the 
relationships.  
1.2  Experimental animals 
The four-month-old male Sprague-Dawley (SD) rats (350± 
20 g, SPF class, license No. SCXK-20080033) were pur-
chased from the Experimental Animal Centre of Zhejiang 
Province, China. All the experimental procedures were in 
accordance with the rules of the Animal Experimental Com-
mittee of Nanjing Agricultural University. The experimental 
SD rats were randomly divided into 7, 15, 30 and 42 d 
treatment groups, as well as the negative control (NC) GFP 
group and a control group. 
1.3  Construction of shRNA plasmid vector 
The in vitro experiments results showed that shRNA717 and 
shRNA4205 were both optimal target sequences with the 
highest knockdown efficiency [26]; therefore, shRNA717 
and shRNA4205 were chosen as the targeted sequence sites 
for plasmid construction. We designed two sAC shRNA 
oligonucleotides for this experiment (Table 1). The NC 
shRNA oligonucleotides were designed to have no signifi-
cant homology with sAC (Table 1). These oligonucleotides 
were annealed to generate double-stranded DNA and were 
ligated into the linearized empty vector pGPU6/GFP/Neo 
(Genepharma, Shanghai, China). 
1.4  In vivo electroporation and detection of transgenic 
expression 
Male SD rats were anaesthetized by diethyl ether, and their 
testes were exposed under the dissecting microscope. The 
left testis was treated as the experimental group and the 
right testis was injected with NC plasmid to act as a control. 
The accuracy and ratio of the injection were monitored by 
adding 0.04% Trypan blue to the DNA solution. The DNA 
solution was injected into the rete testis using a glass injec-
tion pipette visualized with a microscope [7]. The injection 
volume of plasmids was 45 L, about 45 g [7]. After injec-
tion, electroporation was performed with an Electro Square  
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Table 1  shRNA sequences and primers used in this study 
 Sequences Scription 
shRNA717-sense CACCGCCTGGATATTCGAGTTAATTCAAGAGATTAACTCGAATATCCAGGCTTTTTTG shRNA vector construct 
shRNA717-antisense GATCCAAAAAAGCCTGGATATTCGAGTTAATCTCTTGAATTAACTCGAATATCCAGGC shRNA vector construct 
shRNA4205-sense CACCGGCCATATCAAGTTCTTAATTCAAGAGATTAAGAACTTGATATGGCCTTTTTTG shRNA vector construct 
shRNA4205-antisense GATCCAAAAAAGGCCATATCAAGTTCTTAATCTCTTGAATTAAGAACTTGATATGGC shRNA vector construct 
NC-sense CACCTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACACGTTCGGAGAATTTTTTG shRNA vector construct 
NC-antisense GATCCAAAAAATTCTCCGAACGTGTCACGTTCTCTTGAAACGTGACACGTTCGGAGAAGGTGC shRNA vector construct 
GAPDH-F GGCAAGTTCAACGGCACA Real-time PCR 
GAPDH-R AGACGCCAGTAGACTCCACGAC Real-time PCR 
sAC-F CATGAGTAAGGAATGGTGGTACTCA Real-time PCR 
sAC-R AGGGTTACGTTGCCTGATACAATT Real-time PCR 
 
Porator ECM-2001 (BTX, San Diego, CA, USA). The rats 
were subsequently sacrificed at 7, 15, 30 and 42 d (n=3) 
after surgery for further experiments. The epididymis sperm 
were obtained by partially macerating the epididymis in 
PBS and allowing the sperm to swim freely from the sur-
rounding tissue. The epididymis sperm were then analyzed 
using a BD FACSCalibur flow cytometer (Becton Dickin-
son, Franklin Lakes, NJ, USA) and Cell Quest software 
(Becton Dickinson).  
1.5  Detection of sAC knockdown efficiency 
Real-time PCR, Western blot and enzyme-linked immuno-
sorbent assay (ELISA) analysis were performed to deter-
mine the efficiency of sAC knockdown in the sperm sam-
ples collected from 7 to 42 d. Real-time PCR was per-
formed with the SYBR PrimeScript RT-PCR Kit (TaKaRa, 
Japan). GAPDH was used as internal control (Table 1). The 
Western blot procedure was referred to Zhang et al. [7]. Rat 
anti-sAC antibody was purchased from AVIVA SYSTEMS 
BIOLIGY (Beijing, China). Actin was used as internal con-
trol for Western blot. ELISA analyses (sAC, cAMP and 
protein phosphorylation) were performed with the proce-
dures of ELISA kit (RB, Shanghai, China).  
1.6  Computer-assisted semen analysis (CASA) 
Sperm that dispersed into the modified BWW solution [27] 
(containing 95 mmol/L NaCl, 4.8 mmol/L KCl, 1.7 mmol/L 
CaCl2, 1.2 mmol/L MgSO4, 1.2 mmol/L KH2PO4, 26 mmol/L 
sodium lactate, 5.5 mmol/L glucose, 0.5 mmol/L sodium 
pyruvate, 25 mmol/L NaHCO3, 10 mg/L heparin sodium 
and 3 g/L BSA supplemented with 10 mmol/L HEPES, pH 
7.4) at 37°C were collected after 15 min. Sperm motility 
was assessed by video capture of the swimming pattern. Mo-
tion parameters measured were curvilinear velocity (VCL, 
the rate of travel of the sperm head), amplitude of lateral 
head displacement (ALH, degree of side-to-side head 
movement measured as the mean width of head oscillations), 
and beat cross frequency (BCF, the frequency with which 
the head crossed the center of the smoothed path of the 
sperm) by CASA analysis (WLJY-9000). Increased VCL 
and ALH are indicative of hyperactivation [21,28]. 
1.7  Data analysis 
All the experiments had three repeats. Data were analyzed 
using Excel and SPSS15.0 software. Treatment effects were 
detected using analysis of variance, followed by T test for 
individual comparisons and were considered statistically 
significant when P<0.05. For each set of experiments, sperm 
samples from three rats of each genotype were tested. 
2  Results 
2.1  Phylogenetic analysis of sAC 
The aligned sequences were used as basis for a phylogenetic 
analysis with MEGA5 software, using the neighbor-joining 
(NJ) method and bootstrap values. A refined bootstrapped 
analysis of these cyclases revealed four subgroups (Figure 1). 
One subgroup was formed by all transmembrane guanylate 
cyclases (tmGCs); a second group consisted of soluble 
guanylate cyclases (sGCs). The other two groups were tmACs 
and sACs. The sACs and tmACs each had two adenylate 
and guanylate cyclase catalytic domains (guanylate_cycs), 
but sGCs and tmGCs had only one guanylate_cyc domain. 
From the NJ tree, we deduced that sACs were ancestral to 
tmACs and GCs and that the mammalian sACs were likely 
to have evolved independently. In eukaryotes, the sAC and 
sGC domains are most similar to Acs [29]. Based on these 
results, we deduced that if the gene for sAC was knocked 
down, other GCs and ACs would be complementary to its 
function. 
An NJ tree (Figure 2) of known full-length sAC amino 
acid sequences in the Animalia showed that the evolution of 
sACs paralleled the evolution of species. A previous study 
indicated that sAC appeared to be a single copy gene [11].  
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Figure 1  Phylogenetic analysis of ACs and GCs. The topology of a 
neighbor-joining consensus tree with branches having 50% support in an 
interior branch test is shown. AtRLF1 was an Arabidopsis ATPase domain 
containing protein and was defined as outgroup. tmAC, transmembrance 
adenylate cyclases; sAC, soluble adenylyl cyclases; tmGC, transmem-
brance guanylate cyclases; sGC, soluble guanylate cyclases. The numbers 
at nodes indicate bootstrap values (1000 replicas). A scale of branch 
lengths is shown in the bottom.  
However, with the development of genomics, many more 
animal genomes have been sequenced. Based on our evolu-
tionary tree of sACs, we deduced that the sAC was dupli-
cated once from the Reptiliomorpha, becoming two genes 
(sAC and sAC-like). However, in some mammalian species 
such as humans and rats, one copy was lost. Nevertheless, 
we confirmed sAC orthologs to be present in most Eumeta-
zoa. This result indicated that the function of sAC varied 
along with the evolution of animals. 
2.2  Transfection efficiency assay 
After rete testis injection, more than 90% of the surface of 
the rats’ testes were filled with transfection solution and the 
transgenic spermatozoa expressed the GFP protein (Figure 
S1), indicating that the injection was effective. Flow cytom-
etry of spermatozoa from the initial transfection showed that 
only a few cells (5.69%) were GFP positive (Figure 3(a)). 
As the expression of shRNAs in the testis increased, the 
proportion of GFP-expressing spermatozoa in the epididy-
mis increased to 92.8% (shRNA717) (Figure 3(d)) and 95.5%  
 
Figure 2  Phylogenetic tree of sAC in animals. The numbers at nodes indicate bootstrap values (1000 replicas). A scale of branch lengths is shown in the 
bottom. sGCs were defined as outgroups.  
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Figure 3  The detection of the sperm transfection rate using flow cytometers. GFP-positive sperm were detected by flow cytometry. (a) NC, 5.7% (569/10 
000) GFP-positive sperm are detected; (b) shRNA717 (40.1%) at 7 d; (c) shRNA4205 (28.6%) at 7 d; (d) shRNA717 (92.8%) at 15 d; (e) shRNA717 (85.8%) 
at 30 d; (f) shRNA717 (81.7%) at 42 d; (g) shRNA4205 (95.5%) at 15 d; (h) shRNA4205 (89.1%) at 30 d; (i) shRNA4205 (85.6%) at 42 d. GFP, green fluo-
rescent protein; NC, negative control. 
(shRNA4205) (Figure 3(g)) at 15 d after transfection and 
decreased to 81.7% (shRNA717) (Figure 3(f)) and 85.6% 
(shRNA4205) (Figure 3(i)) at 42 d.  
The knockdown effect of shRNA specific for sAC mRNA 
in spermatozoa was obviously time dependent. The relative 
expression levels of sAC were 51.0% (shRNA717) and 35.0% 
(shRNA4205) compared with negative control (NC) rats at 
15 d after transfection. Therefore, the maximum knockdown 
efficiency to sAC mRNA reached 49.0% (shRNA717) and 
65.0% (shRNA4205) at 15 d after transfection and decreased 
to 26.4% (shRNA717) and 34.5% (shRNA4205) at 42 d 
(Figure 4). 
Western blot was used to analyze the knockdown effi-
ciency of sAC after downregulation of the sAC gene. The 
results showed that these shRNAs significantly blocked 
sAC protein expression in the spermatozoa. After electro-
transfection in vivo, the highest knockdown (shRNA717 
41.0% and shRNA4205 53.1%) appeared in spermatozoa at 
15 d. With longer times, the proportions of spermatozoa 
expressing the sAC protein decreased to 21.4% (shRNA717) 
and 25.7% (shRNA4205) at 42 d (Figure 4). 
Enzyme-linked immunosorbent assay (ELISA) experi-
ments (Figure 5, Table 2) were performed to analyze changes 
in the contents of sAC protein, cAMP and protein phosphor-
ylation. The sAC protein contents of the two transgenic lines 
were 175.0±4.8 U×103/106 cells (shRNA717) and 163.8± 
3.1 U×103/106 cells (shRNA4205) at 15 d after transfection. 
Compared with NC rats (287.9±27.3 U×103/106 cells), they 
were reduced by 39.2% (shRNA717) and 43.1% (shRNA4205) 
and decreased thereafter. The cAMP contents of spermato-
zoa from rats treated with shRNA717 and shRNA4205 at  
15 d were 3.48±0.02 pmol/106 cells and 3.40±0.07 pmol/106 
cells, respectively. Compared with NC rats (4.89±0.14 
pmol/106 cells), they were reduced by 28.8% (shRNA717) 
and 30.1% (shRNA4205), respectively. The cAMP contents 
increased with time relative to controls and were reduced by 
18.3% (shRNA717) and 15.4% (shRNA4205) at 42 d. The 
relative protein phosphorylation levels of spermatozoa from 
rats treated with shRNA717 (1025.5±25.8 pg/106 cells) and 
shRNA4205 (965.8±48.2 pg/106 cells), decreased to 25.6%  
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Figure 4  Knockdown efficiency of plasmid on sAC in sperm. (a) Relative expression of sAC mRNA in shRNA717 line sperm using real-time PCR; (b) 
Relative expression of sAC mRNA in shRNA4205 line sperm using real-time PCR; (c) Western blot analysis of sAC knockdown in shRNA717 line sperm; 
(d) Relative expression of sAC in shRNA717 line sperm; (e) Western blot analysis of sAC knockdown in shRNA4205 line sperm; (f) Relative expression of 
sAC in shRNA4205 line sperm. NC, negative control; shRNA, short hairpin RNA; the relative expression level (or content)=the expression level (or content) 
of RNAi lines/that of NC. * Compared with control group was considered statistically significant, P<0.05. 
 
Figure 5  ELISA results of sAC, cAMP and protein phosphorylation in sperm. (a) Relative sAC content in shRNA717 line sperm; (b) Relative sAC content 
in shRNA4205 line sperm; (c) Relative cAMP content in shRNA717 line sperm; (d) Relative cAMP content in shRNA4205 line sperm; (e) Relative phos-
phorylation level in shRNA717 line sperm; (f) Relative phosphorylation level in shRNA4205 line sperm. The relative expression level (or content)=the ex-
pression level (or content) of RNAi lines/that of NC. * Compared with control group was considered statistically significant, P<0.05.  
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Table 2  ELISA experiments results 
 sAC (U×103/106 cells) cAMP (pmol/106 cells) Protein phosphorylation (pg/106 cells) 
NC 287.9±27.3 4.89±0.14 1344.3±105.0 
shRNA717 
7 d 245.9±15.4 4.37±0.07* 1153.3±3.4 
15 d 163.8±3.1* 3.48±0.02* 1025.5±25.8 
30 d 196.4±8.8 4.29±0.04* 1082.7±13.8 
42 d 219.8±0.4 4.00±0.08* 1141.1±17.2 
shRNA4205 
7 d 230.0±3.5 4.37±0.10* 1180.0±27.5 
15 d 175.0±4.8* 3.40±0.07* 965.8±48.2 
30 d 192.7±2.6* 3.68±0.13* 1086.3±8.6 
42 d 205.8±5.3 3.65±0.04* 1135.0±18.9 
* Compared with control group was considered statistically significant, P<0.05.  
and 28.2% of controls at 15 d, respectively, and decreased 
very little afterwards. We speculate that the two shRNA 
treatments affected sperm hyperactivation, because an ade-
quate level of protein phosphorylation is critical for this 
change in motility. These results imply that the contents of 
cAMP and protein phosphorylation are closely correlated 
with sAC contents, which play a role in the cAMP-signaling 
pathway in male rats and control sperm hyperactivation. 
2.3  Sperm hyperactivation assay using computer-assisted 
semen analysis (CASA) 
To confirm the molecular results, the motile rate, VCL, ALH, 
and BCF of transgenic sperm lines were evaluated using 
CASA. The motile rate and BCF values of different lines of 
spermatozoa were not changed significantly. However, the 
VCL and ALH of the shRNA717 were 191.1±9.8 m/s and 
16.0±1.0 m/s at 15 d, respectively, which were reduced 
significantly by 27.4% and 20.8% compared with sperma-
tozoa from NC rats (263.4±18.1 m/s and 20.2±1.9 m/s). 
Moreover, the VCL and ALH values of the shRNA4205- 
treated spermatozoa were 162.1±22.2 m/s and 14.8±1.5 
m/s at 15 d, respectively (Table 3), which were reduced 
significantly by 38.5% and 26.7% compared with sperma-
tozoa from NC rats. Thus, sperm hyperactivation declined 
by 15 d transfection but decreased very little thereafter. The 
experiment results suggested that the targets, shRNA717 
and shRNA4205, were the best target sites of the sAC gene 
and that silencing the sAC gene could reduce the efficiency 
of sperm hyperactivation, implying that shRNA717 and 
shRNA4205 could be relevant for male contraception.  
2.4  sAC is a central factor in sperm hyperactivation 
Studies on sperm hyperactivation have shown that many 
genes, such as CatSper, sAC and sNHE, play important roles 
in sperm hyperactivation [12]. Lacking one of these genes 
would result in sterility. Based on previous experimental 
results and our experimental and bioinformatic analyses, we 
propose a model mechanism that might regulate hyperacti-
vation (Figure 6). The CatSper channels are confined to the 
principal piece of the flagellum and are the most important 
proteins in sperm hyperactivation [30]. Ca2+ ions flow into 
the spermatozoon through CatSper channels. This increases 
intracellular Ca2+ contents and is regulated by SLO3 (KSper), 
sNHE and progesterone [30–33]. The SLO3 channels pump  
Table 3  Analysis of sperm parameters using CASA 
 Motile rate (%) VCL (m/s) ALH (m) BCF (Hz) 
NC 71.3±3.0 263.4±18.1 20.2±1.9 19.4±3.1 
shRNA717 
7 d 70.6±1.7 211.9±15.1* 18.0±1.5* 17.3±3.4 
15 d 70.1±1.1 191.1±9.8* 16.0±1.0* 19.8±4.3 
30 d 67.8±3.4 207.7±18.9* 18.1±1.5 21.5±3.3 
42 d 71.1±2.5 215.4±23.4* 18.5±1.7 17.8±2.4 
shRNA4205 
7 d 70.8±2.6 248.1±13.7 19.9±1.4 20.1±2.8 
15 d 69.7±3.3 162.1±22.2* 14.8±1.5* 18.3±1.7 
30 d 70.3±2.0 195.4±20.0* 18.8±1.0 22.2±3.8 
42 d 69.8±2.0 209.7±22.1* 19.6±1.0 20.3±2.6 
* Compared with control group was considered statistically significant, P<0.05.  
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Figure 6  The model of mechanisms regulating sperm hyperactivation. sAC is a center factor in sperm hyperactivation process.  
K+ ions out of the spermatozoon. This K+ efflux hyperpo-
larizes the plasma membrane and increases the driving force 
for Ca2+ influx through CatSper channels. The sNHE chan-
nels lead to H+ efflux and increase the intracellular pH. This 
in turn stimulates the KSper K+ and CatSper Ca2+ currents. 
The efflux of H+ from the flagellum could affect Ca2+ influx 
directly through CatSper channels and indirectly through 
the activation of KSper K+ currents [34]. Lactate dehydro-
genase C (LDHC) plays an important role in the mainte-
nance of glycolysis [35]. In this process, CO2 and ATP are 
produced. The increased pH causes CO2 to react with H2O 
producing much HCO3
. Both HCO3
 and Ca2+ stimulate the 
sAC enzymes to catalyze the ATP to produce cAMP. Some 
mRNA experiments have shown that expression of the sAC, 
CatSper2, PKA and LDHC genes could interplay with each 
other [26]. Reducing the sAC protein amount decreases the 
use of ATP and Ca2+ and then CatSper2 and LDHC expres-
sions are suppressed. The cAMP generated by sAC acti-
vates protein kinase A (PKA), which phosphorylates serine 
or threonine resides on proteins, thereby turning on a sig-
naling pathway that leads to phosphorylation of tyrosine 
residues on other proteins. Increased protein tyrosine phos-
phorylation in the flagellum leads to sperm hyperactivation 
[19]. Based on this model, we infer that sAC is a central 
factor in sperm hyperactivation. 
3  Discussion 
Exploring target spermatogenic-specific proteins that are 
essential for both spermatogenesis and fertility in mammals 
is an important step in non-hormonal contraceptive research 
[36]. Matzuk et al. [6] discovered one such contraceptive 
target, the testis-specific and bromodomain-containing pro-
tein BRDT, and provided pharmacological validation of it 
as a target for male contraception. In our study, sAC was 
considered to be a potential contraceptive target, because it 
is located in the nucleus, mitochondria and microtubules [8], 
it is expressed in mammalian spermatozoa [9] and it is 
highly enriched in male germ cells [10]. Knockout sAC/ 
spermatozoa did not acquire hyperactivated motility and 
were not fertile [22]. 
RNA-interfering (RNAi) technology has demonstrated 
essential utilities in current drug target identification and 
validation. After the target is identified and validated, the 
shRNA itself can be directly exploited as a therapeutic for 
human diseases [36]. RNAi-based therapeutics provide a 
promising new perspective for treating human diseases [37]. 
In our study, we used shRNAs to knock down the expres-
sion of sAC in male rats. The expressed level of sAC was 
reduced by the constitutive expression of shRNAs. Down-
regulation of sAC led to a reduction in cAMP contents and 
protein phosphorylation levels, and ultimately reduced the 
efficiency of sperm hyperactivation. Two target molecules, 
shRNA717 and shRNA4205, were obtained as potentials for 
male contraception. Importantly, we did not observe ad-
verse side effects or undesired pathologies in this experi-
ment, which caused significant impacts on spermatogenesis 
and testicular function. However, the efficiency of sAC 
knockdown was not 100%, which suggested that some 
spermatozoa were still fertile, which could result in contra-
ceptive failure. Furthermore, in vivo electroporation could 
only be realized through complicated surgery influencing 
the effect of knockdown. Therefore, further studies are re-
quired. 
cAMP, an important second messenger, acts as a mediator 
of cellular control of metabolic activity [38]. It is generated 
locally within independently regulated microdomains [39], 
3264 Yu J, et al.   Chin Sci Bull   September (2013) Vol.58 No.26 
 
which require multiple sources of cAMP distributed at the 
cell membrane and throughout the cell. It can be generated 
by both tmAC and sAC, so it can play its roles in the mem-
brane and cytoplasm [18]. We noted that when the maxi-
mum knockdown efficiency of sAC mRNA reached 65.0% 
(shRNA4205) at 15 d, the cAMP content was only reduced 
by 30.1%. The cAMP content of purified sAC/sperm was 
only 15% of wild-type levels [35]. These results together 
suggest that cAMP is generated not just by sAC, but also by 
tmAC. Our phylogenetic tree shows that sAC and tmAC 
both belong to the AC family and could have analogous 
functions. If the sAC gene is knocked out, tmAC still can 
produce cAMP in the plasma membrane, little of which will 
be transported to the cytoplasm to counter the deficit in 
cAMP. Interfering with sAC expression indirectly regulated 
the level of sperm protein phosphorylation and reduced hy-
peractivation, so we suggest that sAC affects sperm hyper-
activation via a cAMP-signaling pathway. 
sAC plays a critical role in male fertility in mammals 
[22]. Before spermatozoa are mature, they are exposed to a 
low HCO3
 concentration and the sAC activity is very low 
with no ability to obtain capacitation [18]. In mature sper-
matozoa, the tricarboxylic acid cycle (TCA) pathway ele-
vates the HCO3
 concentration and sAC is the sole producer 
of cAMP in response to this change [22]. In this study, the 
reduced levels of sAC inhibited the production of cAMP. 
Upon the entrance of Ca2+ and HCO3
 into spermatozoa, 
cAMP is generated by sAC. The extended activation of 
PKA and increased level of protein phosphorylation leads to 
sperm hyperactivation [40]. 
4  Conclusions 
In conclusion, sAC knockdown by electroporation-mediated 
shRNAs could effectively interfere with fertility in male rats 
and thus could provide prospective candidates for male 
contraception. However, this method could not completely 
inhibit sAC protein expression. We propose that sAC is a 
central factor in controlling rat sperm hyperactivation via a 
cAMP-mediated signaling pathway and predict that the 
downregulation of sAC will reduce the expression of other 
hyperactivation-related genes. 
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Table S1  List of proteins used for phylogenetic analysis 
Figure S1  Transfection efficiency assay. (a) The rat testis before injected. Bar=1 cm; (b) The rat testis after injected Trypan blue, Bar=1 cm; (c) 
GFP-positive sperm are detected by Confocal Microscope. Bar=20 m. 
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